Optical Signatures of Momentum-Dependent Hybridization of the Local Moments and 
Conduction Electrons in Ce(Co,Ir,Rh)In5 Kondo Lattices. 
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A new analysis of the optical properties of heavy fermion compounds is reported. We focus on 
the 1-1-5 series, where strong deviations of the spectra are seen from the predictions of the periodic 
Anderson model. Specifically we demonstrate that the differences between the experimental results 
and the theoretical predictions can be explained by accounting for the momentum dependence of 
the hybridization between the local moments and the conducting carriers. Furthermore we find 
correlations between the hybridization strength on a particular band and some properties of the 
1-1-5 compounds. These correlations suggest that the momentum dependence of the hybridization 
has to be taken into account, such that an understanding of the electronic properties of these heavy 
fermion compounds. 



INTRODUCTION 



The heavy fermion 1-1-5 series (CeTIns where T=Co, 
Ir, or Rh) has attracted great interest lately since the dis- 
covery of unconventional superconductivity in the vicin- 
ity of an antiferromangetic phase, reminiscent of the 
high temperature superconductors. These compounds 
reveal all canonical hallmarks of the heavy fermion 
state including large effective masses of the conduct- 
ing car riers, the partially or completely screened Ce 
momenlPSEl and an optic al g ap-like feature that ap- 
pears at low temperatures.!^ The properties of heavy 
fermion compounds have generally been described by 
the mean field solution of the Periodic Anderson Model 
(PAM).EEl Within the PAM framework, mixing of lo- 
cal moments and conduction electrons leads to an en- 
hancement of the mass of the charge carriers (to*) and 
they in turn screen the local moments. This screen- 
ing and mass enhancement is often referred to as the 
Kondo effect.!^ Optical spectroscopy has proven to be 
an excellent probe of the key parameter of this model, 
namely the strength of the hybridization between local 
moments and conduction electrons (K/). Specifically 
optical studies have provided experimental access to the 
hybridization strength via direct observation of the hy- 
bridization gap (A) in the dissipa tive pa rt of the op- 
tical conductivity {ai{u))^^ ^ ^° " milil ^j^^gg studies 
have also extensively verified the prediction of the PAM 
on the scaling between the hybridization gap and the 
effective mass: ( ^ )^ ex m*, where Tcoh is the tem- 
perature below which coherent scattering between mag- 
netic sites emerges. 8j There have also been recent studies 
of numerous Yb and Ce compounds, that have demon- 
strated a scaling between the size A and Tk, the Kondo 
temperature.-2J^ However, in almost all of the large num- 



ber of studies of the optical properties of heavy fermion 
compounds, the focus has been on determining the size of 
A from ai{uj), and deviations of ai{uj) from the predici- 
tions of the PAM have generally been ignored. Here we 
report a new analysis of the optical conductivity data 
for the 1-1-5 series of compounds as well as additional 
measurements that provide insights into the role of the 
band structure and momentum (k) dependent hybridiza- 
tion in explaining deviations of the optical response from 
the line shape predicted by the PAM. Our results also 
suggest that k-dependent Vcf governs a number of prop- 
erties of the 1-1-5 family. 

Despite the success of the PAM, there are still a num- 
ber of unresolved issues in the study of heavy fermions. 
One glaring problem is the difficulty with reconciling 
the coexistence of magnetically mediated superconduc- 
tivity and the HF ground state. Indeed, within the 
PAM picture the Kondo effect should lead to a com- 
plete screening of the local moments, whose fluctua- 
tions are believed to trigger su perconductivity in m any 
unconventional superconductors.^ ^ ' ^^ ' ^^ ' ^^ ' ^" ' ^^ ' ^^ ' ^^ ! Fur- 
thermore many HF superconductors, such as the 1-1-5 
compounds, exhibit deviations from the mean-field pre- 
dictions of the PAM.I^In particular, the Sommerfield co- 
efficients {j — ^) often diverge at low temperatures, (ie: 
7(r -^ 0) ss ~ln{T) ), violating a key prediction of Fermi 
liquid theory (7 ex to*). Interestingly, it is generally be- 
lieved that m* will diverge at a quantum critical point 
(QCP) separating magnetically ordered phases from a 
heavy fermion phase. ^"^ While a diverging to* may explain 
the enhancement of the Sommerfield coefficient in certain 
1-1-5 compounds, it does not explain the non-Fermi liq- 
uid temperature dependence of the resistivity, and what 
connection this may have to the unconventional super- 
conductivity found in these materials. Furhtermore it is 
a widely held belief that Doniach's picture of a quantum 
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FIG. 1: The phase diagram originally proposed by Doniach 
for a one dimensional Kondo chain~^ In this model the key 

parameter is the exchange (J oc -^), where W is bandwidth 
of the conduction band, times the density of states at the 
Fermi energy {DOS{Ef))- This parameter is generally be- 
lieved to be tunable through the application of pressure (P), 
or by changing the lattice constant (a) via doping. At small 
values of J X DOS{Ef) the RKKY interaction dominates and 
antiferromagnetic order appears. As the tuning parameter is 
increased, the Kondo temperature (Tk) grows and eventually 
the antiferromagnetic order gives way to a heavy Fermi liquid 
at a quantum critical point. 
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FIG. 2: Left: The phase diagram of the 1-1-5 series as deter- 
mined in ref. |261 with brown stars indicating Ai , the average 
value of the hybridization gap on a single band. The open cir- 
cles indicate the region of the phase diagram probed by the 
a-i{uj,T) plotted on the right. Each shows a broad MIR res- 
onance, whose resonant energy becomes higher as one moves 
away from the Rh sample. The deviations of these results 
from the sharp resonance predicted by the PAM (black line) 
can be seen in the top right for Celrlus. These differences 
are explained by the resulting ai {uj, T) using a distribution of 
gaps (P(A)) as shown by the dashed lines. 



critical point separating magnetic and Kondo ground- 
states holds true in many HF compounds. In particular, 
he suggested that as Vcf is enhanced the RKKY inter- 
action that mediates a magnetic state gives way to the 
Kondo effect, such that a heavy Fermi liquid emerges 
when the magnetically ordered state is destroyed at a 
quantum critical point (see Fig nl) .1251 Therefore as the lat- 
tice constant is reduced, magnetic order should give way 
to a heavy Fermi liquid, that may exhibit superconduc- 
tivity. This picture appears to explain the phase diagram 
of many heavy fermions, such as Celna an antiferromag- 
net with a Neel temperature {T^ = 10 K) that gives way 
to a heavy fermion superconductor at high pressures (ie: 
the lattice constant is reduced with pressure, increasing 
the strength of Vc/)- However, despite their close rela- 
tionship to Celna, the 1-1-5 compounds do not appear to 
follow the Doniach phase diagram. 

In top left of Fig |2] we present the phase diagram of 
the 1-1-5 series, details of which can be found in ref. 
[2S1 We note that CeRhlns is an antiferromagnet with 
a Tat of 3.8 K, whereas the Ce moment is completely 
screened in Celrlus and CeCoIus, where heavy fermion 
superconductivity is found with a superconducting tran- 
sition temperature (Tc) of 0.4K and 2.3K, respectively. 
Interestingly the in-plane lattice constant continuously 
decreases as one goes from Ir to Rh to Co, suggesting that 
the hybridization between Ce and In is roughly largest in 



CeCoIns, smallest in Celrlns, and that Vcf for CeRhlns 
is between the two. Therefore from the theoretical phase 
diagram shown in Fig. [l] one would expect antiferromag- 
netic order in Celrlus that gives way to superconductiv- 
ity as one goes from Ir to Rh to Co, yet this is clearly 
not what is observed (see left side of Fig. [2|. In addition, 
while the in-plane lattice constant is decreasing the c-axis 
lattice constant increases as one goes from Ir to Rh to Co, 
further complicating a comparison with the Doniach pic- 
ture. Therefore to try to organize the phase diagram and 
address the underlying physical mechanisms leading to 
the complicated behavior of the 1-1-5 series we have em- 
ployed infrared and optical spectroscopy, which, as men- 
tioned above, provides direct access to the strength of 
hybridization. 



II. EXPERIMENTAL METHODS AND 
RESULTS 

The high quality samples in this stud y were grown 
and characterized as described elsewhere .'^'^EZMl EUip- 
sometry and infrared reflectometry were employed to 
determine the in-plane complex conductivity {(^{lu) — 
ai{uj) + a2{uj)) of all samples over a broad spectral range 
via the Kramers-Kronig relations as described in refs. [29l 
and [501 The results for the CeCoIus, CeRhlus, Celrlus 
samples were originally obtained in Gronigen and pre- 



sented elsewhereP To this data, at UCSD an additional 
sample (CeCoo.ssRho.isIns) was measured since it is be- 
lieved to be close to the quantum critical point sepa- 
rating antiferromagnetic from superconducting order PS 
Nonetheless the analysis of the data presented here is 
entirely new and has not been discussed previously. 

We begin by exploring the evolution of cri(cj), the dis- 
sipative part of the optical conductivity, across the phase 
diagram of the 1-1-5 compounds. The conductivity spec- 
tra at low temperature (7K) are displayed in the right 
panels of Fig. [2] noting that since the hybridization gap 
originates from strong correlations, it generally a ppears 
at T << ^, where kn is Boltzman's const ant .EEEMl 

Kb ' [—1 

First we focus on the top right corner of Fig. |2J w here 
we show cri(w) as predicted by the PAM (black line) .1212121 
The transition across the hybridization gap should have 
a sharp onset at 2A followed by a rapid roll off. This is in 
stark contrast to the results for Celrlns (light green line 
in top right of Fig. 1) that contains significant deviations 
from the predictions of the PAM. Specifically, the broad 
resonance centered at 500 cm~^ has a high-energy shoul- 
der and no sharp onset. A similar response is seen in the 
other superconducting samples displayed in the bottom 
right, namely CeCoIus and CeRho.isCoo.ssbis. However 
focusing on the second panel on the right of Fig. [2] where 
we display the result for CeRhIn5 , we observe a clear mid 
infrared (MIR) feature that appears similar to the pre- 
diction of the PAM, yet no sharp onset is seen. 

Surprisingly, these results do not at first appear to 
produce any systematic trend with change in transition 
metal. Furthermore, it is tempting to simply attribute 
the broadening of the MIR hybridization gap feature to 
disorder. However judging from the relatively low value 
of the electrical resistivity, and long values of the elec- 
tronic mean free patH^l one has to exclude the dominant 
role of disorder in broadening the gap structure in these 
compounds. As we will demonstrate below, the previous 
assignment of the MIR feature to excitations across a hy- 
bridization gap* ^ is correct. However, the exact form of 
the spectra and their variation within the series can only 
be quantitatively described by augmenting the PAM sce- 
nario with the momentum dependence of the hybridiza- 
tion strength. 



III. ANALYSIS 




400 



A (cm'^) 



FIG. 3: The spectrum of hybridization gap values for three 
of the samples in this study. We note the significant increase 
in the average value of hybridization as one goes from Rh to 
Co. 



bridization gap values in the system. Additionally, recent 
angle-resolved photoemission experiments on Celrlus 
have uncovered significant k-dependence in the degree 
of f-clcctron character at the Fermi energy.ES In order to 
account for the multiple bands crossing the Fermi surface 
and for the k-dependence of Vcf we have calculated cti (w) 
by taking the optical response to be a convolution of the 
result for a single hybridization gapP (erf '^^^(w. A)) with 
a spectrum of A values (P(A)): 



'H 



F(A)CTf^^'^(tj,A)dA. 



(1) 



The P(A) for three compounds and the resulting fits 
can be found in Figs. |2] and [3] respectively. Further 
details of the fitting procedure are outlined in the next 
subsection. One can think of this distribution as of a 
spectrum of the hybridization gaps on the Fermi surface, 
ie: P{E) w J^ 5{E - A{k))d^k. As discussed in section 
IIIIBI we found that four Gaussians were needed to ac- 
curately represent -P(A), which is reasonable since it is 
believed that four bands cross the Fermi surface.f^ 



A. Momentum Dependent Hybridization 



B. Obtaining the Distribution of Gap Values 



In order to appreciate the role of k-dependent Vc/ in 
governing the optical properties of the 1-1-5 compounds, 
it is imperative to analyze this parameter in the context 
of the electronic band structure. It is believed that there 
are four bands crossing the Fermi surface with different 
degrees of f-electron character in the 1-1-5 materials.!^ 
Furthermore, the band structure calculations indicate 
that this hybridization has significant k-dependence in 
each band ,'32 which must result in a distribution of hy- 



Using a spectrum of hybridization gap values to ex- 
plain the optical properties of heavy fermions, is a new 
suggestion of this manuscript. However determining 
the proper P(A) for each sample was rather difficult 
as the formula for (Ji{ljj) includes an integral (see Sec- 
tion |III A I , and therefore an analytic solution to deter- 



mine P(A) is not readily apparent. Since P(A) results 
from the momentum dependence of the Vc/, we used a 
Gaussian distribution to model P(A). The model was 



Frequency (cm ) 
500 1000 1500 



strated in Fig. |4] 



2000 



Data 

.^ —-—4 Gaussians 

\ ^^^ 1 Gaussian 

% 




20 -2 

o 

10 3 



J5 

> 

c 

3 



200 

A (cm"') 

FIG. 4: (Color Online) In the top panel the measured cri(cj) 
is displayed in green along with the results of fitting the data 
with a one (blue) and four (black) Gaussians. The resulting 
distribution of hybridization gaps P(A) is displayed in the 
bottom panel when one (blue) and four (black) Gaussians are 
employed. 



then adjusted such that the mean square error {MSE = 
^j((Ti(u;i)^ — af**(tt'i)^)) was minimized as described in 
reference [SHI We initially attempted to fit the data us- 
ing a single Gaussian in P(A), the result of such a fit 
for Celrlus is displayed along with the measured data 
in the top panel of Fig. |4] We have also included the 
response of the coherent carriers via the Drude formula: 
^Drude^^-^ = ^5^^, where r is the free carrier scatter- 
ing rate, which was used as a fitting parameter and cri(O) 
is the D.C. conductivity determined via resistivity mea- 
surements. 

From Fig|4]one can see that the fit using a single Gaus- 
sian term does not reproduce the measured data well. In 
particular it does not result in a shoulder seen at ap- 
proximately 700 cm"^ in Celrlus. Furthermore a single 
Gaussian does not accurately reproduce the onset of the 
inter-band transition. However the use of a single Gaus- 
sian is still instructive. In particular despite the rather 
small energies that the Guassian covers in the bottom 
panel of Fig. |4](0 < uj < 200 cm~^), the result still effects 
ai{uj) over a large spectral range {0 < uj < 2000 cm^^). 
Therefore information about P(A) can be extracted at 
values of A much less then the measured range. We have 
ultimately determined that an accurate fit was only pro- 
vided by four Gaussians, which, as discussed above, is in 
accord with the band structure calculations .^^S In partic- 
ular the existence of the MIR shoulder and broad onset 
forced us to use four Gaussian distributions as is demon- 



C. P(A) results 



The results of our P(A) analysis uncover systematic 
trends across the phase diagram. This is seen in Fig. [3] 
where we display P{A) for three of the samples. One can 
clearly see that as Co is replaced with Rh, the weight of 
P(A) shifts to lower energies. Interestingly, this graph 
also suggests another significant change across the phase 
diagram, namely the size of the regions where the hy- 
bridization gap has collapsed (ie: P(0) > 0) grows sig- 
nificantly as Co is replaced with Rh. Since A is a mea- 
sure of the hybridization strength (the PAM predicts: 
A(fc) = ^£;(fc)2 + 4K/(fc)^ , where E(k) is the disper- 
sion for the conduction band), this result has significant 
implications for the magnetic moments in CeTIus. Not- 
ing that the hybridization gap is an experimental signa- 
ture of the Kondo effect in the lattice, one can therefore 
infer that these nodal regions where A = 0, indicate that 
some portion of the Fermi surface is no longer screening 
the local moments. This further suggests that the mag- 
netic moment is only partially screened by the regions of 
the Fermi surface where A > . Hence our findings of 
much larger nodal regions in CeRhlus than in all other 
1-1-5 compounds explains why the Ce moments in the 
Rh compound are only partially screened by the Kondo 
effect, whereas they appear to be completely screened in 
the superconducting compounds. Additionally, in Fig. [3] 
and the bottom panel of Fig. [4] we also observe a distinct 
high-energy (« 300 — 400 cm~^) peak in P(A) in the 
samples containing Co and Ir that explains the apparent 
shoulder seen at « 600 — 700 cm~^ in (Ti{uj) for these 
compounds. Therefore we can explain both the origin 
of partially screened Ce moments and the deviations of 
ai{uj) from the prediction of the PAM. 



D. Underlying Order Parameter 

In the phase diagram on the left of Fig. [2] we plot 
the center position of the lowest energy Gaussian of each 
compound (Ai), which is a measure of the average value 
of the hybridization gap on a particular band. The value 
of this gap is also indicated in the distributions plotted 
in Fig. [3] We note that the gap on this particular band 
is special since it contains nodes. Specifically, we find 
that the size of Ai is inversely proportional to the size 
of the nodal regions. This can be seen in Fig. [3] by 
noting that as Ai moves toward zero, the size of P(0) 
grows. Therefore Ai will control the degree to which 
local moments can form and fluctuate. This suggests Ai 
is likely to be a fundamental parameter governing the 
physics of 1-1-5 materials, and may explain its apparent 
relationship to Tjy and T^ seen in the phase diagram of 
Fig-i 



If antiferromagnetic fluctuations are responsible for 
many of the properties of the 1-1-5 compounds, then it is 
important to explore what physical quantities Ai corre- 
lates with. In particular, Figlsja) demonstrates that the 
normal-st ate Somm erfield coefficient (7), as determined 
previouslyj "'^ * ^ * ^^ * ^ ^ repeats the evolution of Ai across the 
phase diagram. One explanation for this correlation may 
be the smaller f-electron weight mixed into the Density 
of States (DOS) at the Fermi energy (Ep) implied by 
a smaller Ai. To test this hypothesis, we have com- 
pared the de-Haas van Alphen mass (toc) for the 14th 
hole band with Ai in Figl5|b), noting that this is the 
band that exhibits an enhanced mass ne ar the antiferro- 
magnetic quantum critical point.l^SISESl In FigpTc), we 
have plotted T^. with Ai and also find that they are corre- 
lated. Surprisingly our attempts to correlate A2,3.4 with 
7, rric, and Tc were unsuccessful. Furthermore we were 
unable to produce a reasonable agreement with the pre- 
dictions of the PAM (A ex — ).^ ^^ Interestingly our pre- 
liminary tight-binding calculationg^I^ are consistent with 
the interpretation that Ai is from the 14th hole band. 
While this assignment is not unique, a more sophisticated 
many-body theory is required to confirm the connection 
between Ai and the 14th hole band. 
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IV. DISCUSSION 



In section |IIID we have clearly shown that Ai ap- 
pears to play a role in determining the properties of the 
CeTIus compounds, yet the origin of this behavior re- 
mains unclear. In the Fermi-liquid picture 7 is related to 
the bulk DOS, as is Tc in the Bardeen-Cooper-Schrieffer 
theory of supeconductivity. Therefore it is not clear why 
we find that 7 and T^ only correlate with the hybridiza- 
tion gap of one band and are insensitive to the others. 
It is also unclear why we only find a correlation between 
rric and a corresponding A for only one of the bands, 
(namely Ai and not A2,3,4). This is especially strange 
since this band has the weakest hybridization strength 
(i.e. Ai < A2.3.4), ho wever this band displays the largest 
mass of q\i\33EMM§\ Additionally, the rather large mass 
is believed to be related to the close proximity to a QCP, 
yet nic does not appear to diverge as Ai ^ 0. It is 
noteworthy that this happens to be the band that con- 
tains nodes in the hybridization gap. This suggests that 
the relationship between Ai and the properties of 1-1-5 
compounds may be more complex. Nonetheless, the cor- 
relation between Tc and the hybridization on one band 
is consistent with earlier findings that the superconduc- 
tivity does not o ccur i n all of the bands that comprise 
the Fermi surf ace. ISiEZI 

In order to understand the importance of nodes in the 
hybridization gap, it necessary to ask how the properties 
of 1-1-5 compounds are affected by the k-dependence of 
the hybridization gap. Doniach has partially answered 
this question by showing that in the PAM, significant k 
dependence of Vcf will still produce a Fermi liquid with 



FIG. 5: The k-dependence of A for each sample is quanti- 
fied by its distribution P(A). The average value for a single 
band is determined by the center position of the lowest energy 
Gaussian (Ai). This is shown along with (a) the Sommerfield 
coeflicient (7), (b) the de-Haas van Alphen mass (nic) for the 
14"* Hole band, and (c) the superconducting transition tem- 
perature (Tc). 



either a Kondo or magnetic ground state.l^ However, un- 
like the situation posed by Doniach, the hybridization 
gap in the 1-1-5 compounds contains nodes. We believe 
that these nodes are likely to produce complex behav- 
ior, remembering that Ai ex Vcf- Therefore, nodes in 
the hybridization gap ensure the existence of some mag- 
netic moment, allowing for the formation of antiferro- 
magnetic fluctuations. Additionally, since the nodes only 
form on a fragment of the Fermi surface, these fluctu- 
ations can still strongly couple to the conduction elec- 
trons. The strong coupling of mobile charges to antifer- 
romagnetic fluctu ations is a likely pa iring mechanism for 
superconductivit} 'i6 | i7 | i8 | i9 | 2Q | 2i | 22 | 23 | ^nd may also yield 

non-Fermi liquid behavior^S. This situation becomes 
even more intricate when the nodes develop mostly in one 
band crossing the Fermi surface. We therefore believe the 
existence of nodes in the 14th hole band explains why 7, 
rric, and Tc are correlated with Ai, and may explain the 
non-Fermi liquid behavior displayed in these compounds. 
Furthermore, we note that these nodes and the apparent 
k dependence of Vcf may explain the recent proposal of 
two fluid (Kondo impurity and Kondo lattice) behavior 
in the 1-1-5 series .321 



V. SUMMARY 

In this paper we have discussed deviations of the opti- 
cal properties of the 1-1-5 series of compounds from the 
predictions of the Periodic Anderson Model. A new ap- 
proach to understanding these differences was evaluated. 
Specifically, we have shown that the differences between 
the measured and predicted optical conductivity can be 
understood by taking into account the complicated band 
structure and momentum dependence of the hybridiza- 
tion that naturally leads to a distribution of hybridiza- 
tion gap values in the system. It is interesting to note 
that the approach proposed here should be applicable to 
other systems, yet the appreciable affect of k dependent 
Vcf has been largely ignored in the vast studies of heavy 
fermions. Our results also provided useful insights into 
the origin of superconductivity and non- Fermi liquid be- 
havior in this family of materials. Specifically, Vcf{k) for 



a particular band is clearly the tuning parameter gov- 
erning the properties, and possibly defining the QCP of 
the 1-1-5 series that results in their non- Fermi liquid be- 
havior. This is demonstrated by the correlation between 
7, rric, and Tc and the average size of the hybridization 
gap on this one band. Moreover, it appears that the k- 
dependence of 14/ (fc) allows for the formation of nodes in 
the hybridization gap that may select out this particular 
band for superconductivity. 
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